The aim of this research is to develop a suitable growth process for fabricating stress-free thin film silicon based solar cells on plastics such as PEN and PET.
INTRODUCTION
Glass, as substrate material is relatively expensive, heavy and vulnerable compared to plastics. On the other hand, plastics can be flexible, which is an essential property to be able to develop a roll-to-roll process, which is a cheap and fast way of producing thin films; in this case for solar cells.
Most plastics, and more importantly, inexpensive ones (such as PET) can not withstand high temperatures. Therefore, if we want to deposit on plastics, we need to bring down deposition temperatures. With this perspective our group in Utrecht has made a new approach into this field and already obtained for amorphous silicon cells at 100 o C efficiency of 7.3% on Asahi TCO glass substrates [1] . For those cells, silicon material was made by very high frequency plasma enhanced chemical vapour deposition (VHFPECVD) at high hydrogen dilution. In order to address the issues of deposition rate (that is very essential for the size of vacuum machine in the roll-to-roll process that is best suited for fabrication of solar cells on plastic) and stress in the film we have explored the hot wire chemical vapour deposition (HWCVD) (also called Cat-CVD) process. This technique offers two advantages: (i) HWCVD is an ion free deposition technology, and therefore, no clusters or dust are created in the gas phase. (ii) silicon and silicon nitride films made by HWCVD have far less stress than those made by PECVD [2, 3] .
However, the fact that so far no (to best of our knowledge) reports on cells at low temperatures (by HWCVD) have been made can be attributed to the problem of additional heat to the growing film from the radiation from the filament. Some groups (such as JAIST, Japan) have applied artificial cooling technique to achieve low temperature [3] . Silicon nitride (used for bulk passivation in solar cells and antireflection coating) and silicon films for TFT application are some of the achievements. However, there are no reports so far of any successful implementation of low temperature deposited silicon material by HWCVD as photoactive layer in solar cells. Here, in this study, we apply a different technique to maintain low substrate temperature, by changing the configuration and lowering the thermal budget. This is basically accomplished by increasing sufficiently the filament to substrate distance and decreasing the total catalytic area. The temperature was measured on both the front side as well as on the back of a glass substrate (when the filaments are on) using thermocouples and the temperature of the substrate was monitored as a function of time as the substrate was exposed to the radiation from the filaments. During one hour of exposure to hot filaments, the temperature remained still below 100 o C. By this configuration of deposition we have obtained excellent photosensitive material and we have been successful in obtaining solar cell efficiency that is promising. All the intrinsic a-Si:H layers for this research were grown in the ATLAS (Apparatus for Thin Layers of Amorphous Silicon), a single chamber high vacuum system along with a load lock system (Fig.1) . The ATLAS is a system designed for the study of the growth of silicon thin films in situ by kinetic and spectroscopic ellipsometry. It is fitted with a Hot-Wire assembly that consists of Tantalum (Ta) wires that are hooked up to an electrical circuit and a shutter, which shields the substrate from the wires. The shutters are opened to start the deposition. In this case we are using hydrogen gas (H2) and silane (SiH4).
EXPERIMENTAL
In order to do low temperature depositions the HWassembly of the ATLAS had to be modified. In order to decrease temperature we increased the distance between the filament and substrate and the optimum was 80 mm. We also did a number of temperature measurements at different filament currents and different heater temperatures. This was done using a thermocouple. Figure 2 shows the substrate temperature after the shutter is opened. It can be observed that with a straight wire the temperature reached in 30 minutes is less than 100 o C, whereas with curled wire the temperature reached 120 o C. This is the approximate time needed for deposition of an i-layer used in our cell (~350nm). It also shows that during the dynamic state of substrate heating, the initial depositions are at temperatures much lower than 100 o C. This would have bad effect on the cell performance due to the non optimum material on the front side of the cell, when a cell is made in the superstrate structure. We expect that a cell made in an n-i-p configuration will be less sensitive to this temperature effect.
The doped thin film silicon layers were made in our ultra high vacuum multichamber system called ASTER. All the doped layers were made by VHFPECVD. These doped layers at low temperatures have already been developed for the complete VHFPECVD low temperature cells [1] . Thus, for this research when the HWCVD i-layer and the VHFPECVD doped layers were made at two different deposition systems, while making a p-i-n cell there were air-breaks (twice) between the deposition of the doped layers and the i-layer. Solar cells were made on Asahi u-type SnO2 coated glass substrate in a superstrate configuration. The cell structure is; glass/SnO2/p-a-Si:H(VHFPECVD)/a-Si:H(HWCVD)/na-Si:H(VHFPECVD)/Ag/Al.
Current-Voltage (I-V) measurements were made under AM1.5 100 mW/cm 2 light condition by WACOM dual beam solar simulator at a controlled temperature of 25 o C.
The structural properties of the materials were characterised by Raman spectroscopy (crystalline volume fraction and structural order), whereas the electronic properties were obtained from dark-(s d ) and photo -(s ph ) conductivity measurements. Activation energy (E a ) was measured from the temperature dependence of the dark conductivity in the cooling cycle after annealing at a temperature of 100 o C for one hour (not exceeding the deposition temperature) and the dark conductivity at 300K was noted after the annealing. The thickness was measured by a surface profiler (Dektak), or optically by reflection/transmission (R/T) measurement. The optical absorption, refractive index (n) and the band gap were determined from R/T. The band gap E04 is obtained from the optical absorption plot at an energy where the absorption coefficient (a) is 10 4 cm -1 . Table 1 shows the optoelectronic properties of the intrinsic amorphous silicon layers made by HWCVD. The properties of the VHFPECVD layer made at 100 o C are also given in the table for comparison. A photosensitivity of > 10 5 confirms the device quality of materials and the properties of both types of films are comparable. This is a remarkable result considering that in a VHFPECVD process considerable energy can be delivered to the precursors on the growing surface through bombardment of a high density of ions. We attribute this high quality of the HWCVD material to a considerable amount of atomic hydrogen generated in a HWCVD process. Our earlier report on a-Si:H deposition by VHFPECVD indeed indicated the importance of atomic hydrogen in the gas phase because hydrogen dilution has to be monotonically increased to achieve photosensitive material when the substrate temperature is lowered [1] . Fig 3 shows the Raman spectrum of this material along with two other samples for comparison. It clearly shows that there is no crystalline fraction (no peak near 520 cm -1 ). The transverse optic (TO) Si-Si vibration peak (480 cm -1 ) in the Raman spectrum shows very small FWHM (~60.8 cm-1) value for the HWCVD material. The half width at half maximum (shown as G/2 in the figure has been related to the root mean square of bond angle distribution. We have used here the relation given by Beeman et. al [4] ,
RESULTS

Material properties
The G/2 of 30.4 cm -1 for the HWCVD a-Si:H material translates ito a bond angle variation of only ~6.4 degrees. We attribute this observation to a high structural order in the material. Figure 3 compares the TO optic spectra of three samples; a sample made by VHFPECVD at 200 o C (our standard device quality aSi:H material that delivers ~10% efficiency in p-i-n structure), VHFPECVD a-Si:H at 100 o C (which delivers 7.3% efficiency in p-i-n configuration) and the HWCVD a-Si:H at 100 o C. We can observe that the G/2 values of all the samples are very similar, implying that low temperature deposited samples maintain the high structural order that is generally achieved at high substrate temperatures (near 200 o C), where the mobility or the diffusion length of the growth precursors are high enough. Figure 4 shows the I-V characteristics of the p-i-n solar cell on Asahi TCO substrate implementing this HWCVD grown a-Si:H i-layer. The back contact was simple silver/aluminium (no ZnO/Ag back reflector was used). High band gap (~E04 of 1.95eV) of the intrinsic a-Si:H layer and absence of a back reflector had strong effect on the current density. This is evident also from the low spectral response (Fig.5) , especially in the long wavelengths. The response in the dark does not change from the response under white light bias, though there is a small improvement in the current collection with a negative voltage bias to the cell. This result shows excellent quality of the aSi:H i-layer, considering the substrate temperature of only 100 o C. The air-breaks between the i-layer and the doped layers also would have contributed to the series resistance and possible barriers. Nevertheless we have obtained an efficiency that is promising. The future action would be to make the whole cell in the same multichamber without air-breaks and application of ZnO at the back reflector.
Solar cells
CONCLUSION
We have presented the first report (to the best of our knowledge) of an amorphous silicon cell made by HWCVD at a low temperature of 100 o C. The materials showed excellent structural order with a bond angle distribution of ~6.4%, despite deposition at such a low temperature. The optoelectronic properties are very promising and compares well with the device quality a-Si:H material made by VHFPECVD. The p-i-n solar cell on Asahi SnO2 coated glass (without ZnO at the back reflector), implementing this HWCVD i-layer gave an efficiency of 3.4%. This is a very promising material for device production, (especially solar cells) on cheap plastics such as PET.
